We present a method to evaluate the phase noise tracking performance of a digital coherent receiver. Measurements of the phase error variance of QPSK at different symbol rates are presented for two different algorithms.
Introduction
The ability of a coherent receiver to detect the field of an optical signal makes it possible to compensate for linear channel impairments [1] , and to use advanced modulation formats such as N-QAM [2] . In addition, the use of digital signal processing (DSP) instead of an optical phase-locked loop facilitates carrier synchronization, a task critical for successful demodulation of the data. A lot of work has been devoted to investigate the tolerable linewidth-symbolperiod product (∆νT) of different carrier-recovery schemes [3] [4] [5] . These studies are based on numerical simulations in which the laser phase noise is modeled as a Wiener process with variance σ p 2 =2π∆νT, where ∆ν is the combined linewidth of the signal laser and the local oscillator (LO) laser and T is the symbol period. The phase error variance (PEV) of the estimated phase is often given as a performance measure. However, for several reasons it would be valuable to also be able to experimentally evaluate algorithms for phase noise estimation: Simulations are ideal and it is not always possible to accurately model the stochastic properties of the transmitter and the receiver used in an experiment. In this paper we demonstrate a method to directly measure the PEV of coherently detected signals. The method enables experimental evaluation and comparisons of phase estimation algorithms. We exemplify by using the scheme to measure the PEV of a QPSK signal for two different algorithms: Firstly, we find the optimal block lengths for the block-based Viterbi-Viterbi algorithm [6] , and secondly we determine the optimal coefficients of the Wiener filter used in the phase estimation algorithm presented in [3] .
Description of the method
The experimental setup is shown in Fig. 1 . The continuous wave (CW) output from a distributed feedback (DFB) laser with a wavelength of 1548 nm and a linewidth of 900 kHz was split into two paths. In one path, an IQ modulator (IQM) driven by two 2 15 −1 PRBS generated a Gray coded QPSK signal at symbol rates from 2.5 Gbaud to 20 Gbaud. A variable attenuator (Att) and an EDFA were used to adjust the OSNR before the receiver and a band-pass filter (BPF) with 1.2 nm bandwidth suppressed amplified spontaneous emission noise. After the BPF the QPSK signal entered signal input s sig of a coherent receiver with polarization diversity, consisting of two optical 90° hybrids with integrated balanced detectors and electrical amplifiers. The combined 3 dB bandwidth of the detectors and the amplifiers was more than 25 GHz. The CW light in the second path was used as a reference. It first passed through a piece of fiber and was then coupled to the other signal input s ref of the coherent receiver. The fiber length was chosen so that its propagation delay ∆T ensured a rough alignment in time between the reference and the signal to be measured. To be able to compare their phases, the residual path length mismatch between the two signals was compensated for offline. The LO was an external cavity laser with 500 kHz linewidth. Its output was split into two paths of equal length and coupled into the hybrid LO inputs.
After photodetection, the complex photocurrents i ref and i sig of the reference and the modulated signal were sampled synchronously at 50 Gsample/s by a real-time sampling oscilloscope with 16 GHz analog bandwidth. i ref was filtered with a square filter with 250 MHz bandwidth, chosen since it resulted in the smallest PEV in the measurements, and i sig was filtered with a 5 th order Bessel filter with bandwidth equal to a factor of 0.75 times the symbol rate of the QPSK signal. Both i ref and i sig were then down-sampled to the QPSK symbol rate. The frequency peak resulting from the beating between the signal laser and the LO laser was obtained from the spectra of the complex photocurrents raised to the fourth power, and the intermediate frequency was removed by a linear phase shift on the data streams.
The carrier recovery was different for i ref and i sig . For i ref , the phase was estimated and unwrapped directly. For i sig , two different phase estimation algorithms, further described in section 3, were used. The estimated phase noise was compared to the phase noise of the reference and the PEV was measured as a function of the OSNR, the symbol rate and different parameters of the two algorithms. To investigate the performance limits of the scheme, the PEV was first measured with a CW at 48 dB OSNR as input signal. This resulted in a PEV of 5.0·10 -4 rad 2 .
The carrier recovery schemes
We study two different feedforward carrier recovery schemes, both using the well-known Viterbi-Viterbi estimator [6] . The phase estimates are given by , arg 4
where m k is the index of the first symbol in the kth block, i is the complex photocurrent and M is the length of a block of samples. Scheme 1 is based on block processing, in which the samples are segmented into blocks of length M and the phase is considered to be approximately constant within each block. Short block lengths make it possible to track fast phase variations while long blocks are beneficial at low OSNR. In the experiment, we measured the PEV as a function of the OSNR and the block length M. We considered block lengths of 4,8,…,256 symbols. Scheme 2 is thoroughly described in [3] . It consists of two stages: in the first stage a symbol-by-symbol estimator (SBSE, M=1) makes a so-called soft estimation of the phase of each symbol and the phase is unwrapped. A hard phase estimate is obtained in the second stage by applying a Wiener filter to the soft phase estimates. The filter is symmetric and exponentially decaying on both sides of the center tap. The decay rate depends on the filter parameter r, which is the ratio between σ p 2 and the error variance σ n 2 of the soft phase estimate, r = σ p 2 /σ n 2 . In the limit of high OSNR and broad linewidth, the optimal filter has a single tap, while in the limit of low OSNR and narrow linewidth, the filter is long and has slow decay. We determined the optimal value of r for four different QPSK symbol rates at 30 dB OSNR. With a SBSE as the first phase estimation stage, high OSNR is required for reliable phase estimation without an excessive number of phase cycle slips.
Experimental and numerical results
Figs. 2a-c show the results for scheme 1. The measured PEV is plotted as a function of the Viterbi-Viterbi block lengths for 5 Gbaud, 10 Gbaud and 20 Gbaud QPSK, respectively. For each case, the optimal block length is decreasing as the OSNR is increased and for long block lengths the phase estimation performance is approximately independent of the OSNR due to the averaging effect. For this reason, the performance improvement with increasing symbol rate (since σ p 2  T) is most easily noticed at the longest block lengths, and the PEV increases approximately linearly with the symbol period for M = 256. For a PEV of 0.010 rad 2 , we measured the OSNR penalty at a BER of 10 -3 to be 0.5 dB for all symbol rates. This value was also obtained from numerical simulations (not shown here). The smallest measured PEV for scheme 1 is 0.0020 rad 2 , obtained at both 10 and 20 Gbaud (at 30 dB OSNR) using M = 16 and M = 32, respectively. Fig. 3a shows the measured PEV of the QPSK signal as a function of the filter parameter r in scheme 2 for four different symbol rates, 2.5, 5, 10 and 20 Gbaud. The optimal r value is decreasing with the symbol rate, which is illustrated more clearly in Fig. 3b . This is expected since the tolerance to laser linewidth is increasing linearly with the symbol rate, while σ n 2 increases due to the larger bandwidth. Assuming that σ n 2 increases linearly as a function of the receiver bandwidth, r should be reduced with a factor of four as the symbol rate is doubled, equivalent to a decrease by 0.6 on a 10-logarithmic scale. The expected slope is also plotted in Fig. 3b and shows good agreement with the measured data. The best PEV is 0.0017 rad 2 and is obtained for both 10 and 20 Gbaud. The reason that the phase estimation is not better at 20 Gbaud is that intersymbol interference is becoming significant. Fig. 3c shows the Wiener filters for r = 0.1 and r = 0.01.
There is a discrepancy between the measured r values and those that can be calculated following [3] , which are about five times larger. There are several possible reasons, including mismatch between the experimental phase noise and the Wiener model from [3] , and possible correlation in the LO-spontaneous beat-noise. 
Conclusions
We have described a method to measure the phase error variance after phase estimation with a digital coherent receiver, which gives the possibility to evaluate carrier recovery algorithms. The phase of a modulated signal is compared to the phase of a CW at high OSNR. We have used the method to find the optimal block length for the Viterbi-Viterbi algorithm for different symbol rates and OSNRs of a QPSK signal. We also determined the optimal tap values of a Wiener filter used for hard phase estimates in another well-known phase estimation algorithm. The performance of the two phase estimation schemes was similar at high OSNR.
